Micropatterns of streptavidin and human epidermal carcinoma A431 cells were successfully imaged, as received and without any labeling, using cluster Au 3 + ion beam-based time-of-flight secondary ion mass spectrometry (TOF-SIMS) together with a principal component analysis (PCA ) were compared to obtain label-free TOF-SIMS chemical images of micropatterns of streptavidin, which were subsequently used for generating cell patterns. The image of the total positive ions obtained by the Au 3 + primary ion beam corresponded to the actual image of micropatterns of streptavidin, whereas the total positive-ion images by Ga + or Au + primary ion beams did not. A PCA of the TOF-SIMS spectra was initially performed to identify characteristic secondary ions of streptavidin. Chemical images of each characteristic ion were reconstructed from the raw data and used in the second PCA run, which resulted in a contrasted -and corrected -image of the micropatterns of streptavidin by the Ga + and Au + ion beams. The findings herein suggest that using cluster-ion analysis beams and multivariate data analysis for TOF-SIMS chemical imaging would be an effectual method for producing label-free chemical images of micropatterns of biomolecules, including proteins and cells.
Introduction
Label-free chemical imaging analysis of biomolecules and cells is highly desirable in biological research and technology, as any type of labeling can jeopardize their biological functions.
1 In particular, research areas 2 that require pattern generation of biomolecules and cells on surfaces demand the production of highly contrasted, label-free chemical images of patterned adsorbates that are generated at each fabrication step.
3 As a result, various imaging techniques that do not involve labeling have been developed to visualize of protein patterns.
4 Among these techniques, time-of-flight secondary ion mass spectrometry (TOF-SIMS) imaging is a powerful technique for producing chemical images of patterns of biomolecules "as received" due to its high molecular specificity, high surface sensitivity and submicron spatial resolution.
5 However, its usefulness for imaging protein patterns is undermined by the low yield of characteristic secondary ions generated by atomic primary analysis ion beams, such as Ga 6 Rather than atomic-ion analysis beams, cluster-ion or polyatomic analysis beams 7 have recently been used in the bio-imaging of tissues to obtain an increased yield of characteristic secondary ions from biomolecules.
8
Although protein patterning is crucial to various applications of biosensors and biomaterial engineering, there have been few studies of imaging cellular or protein patterns using cluster-ion or polyatomic analysis beams in TOF-SIMS imaging analysis.
Recently, multivariate analysis (MVA) has been successfully used in the identification, classification and quantification of adsorbed proteins, and in the detection of the adsorbed protein conformation and low amounts of adsorbed protein, by reducing the complexity of the data sets.
9 To maximize the information obtained from TOF-SIMS data of proteins, it is essential to use this MVA technique for protein studies, because the cluster-ion analysis beam still cannot generate intact molecular secondary ions of proteins or even fragment ions when the protein molecular weight is in the thousands dalton.
In this paper, we imaged a micropattern of human epidermoid carcinoma A431 cells, as received and without any labeling, using an Au 3 + analysis ion beam in TOF-SIMS. To demonstrate that the cluster ion, Au 3 + , is superior to atomic ions for obtaining chemical images of micropatterns of biomolecules in TOF-SIMS, we compared three different analysis ion beams, Ga , and employed a principal component analysis (PCA) 9 method to obtain label-free TOF-SIMS chemical images of micropatterns of streptavidin.
These micropatterns of streptavidin were generated by microcontact printing (μCP) and were used for subsequent cell patterning.
2b, 10 We chose micropatterns of streptavidin as a model system because they are widely been used as a universal platform for fabricating biomolecular patterns, mainly due to the strong interaction between streptavidin and biotinylated molecules.
10

Experimental
Materials. 6-Hex-1-enyltrichlorosilane was purchased from Gelest, Inc. Pentafluorophenol (PFP) and 1-ethyl-3-(dimethylamino) propylcarbodiimide (EDC) were purchased from Aldrich. Poly(ethylene glycol)amine (mPEG-amine, MW 5000) was purchased from Shearwater, Co. (+)-Biotinyl-3,6,9-trioxaundecanediamine (biotin-amine) and TRICTconjugated streptavidin were purchased from Pierce. Biotinconjugated GRGDSPK (biotin-Gly-Arg-Gly-Asp-Ser-ProLys; biotin-GRGDSPK) peptide was synthesized from Peptron, Inc. (Korea).
Formation of PFP-Activated Substrates. A piranhacleaned glass substrate was immersed in an anhydrous 2 mM hexane solution of 6-hex-1-enyltrichlorosilane for 30 min (Piranha solution: a mixture of H 2 SO 4 and 30% H 2 O 2 (4:1). Safety note: Piranha solutions can react violently with organic materials). After the formation of vinyl-terminated SAMs, the substrate was rinsed with hexane and dried under a stream of argon. The terminal vinyl groups were then oxidized to carboxylic acid groups by immersing the substrate in an aqueous solution of KMnO 4 (0.5 mM), NaIO 4 (19.5 mM), and K 2 CO 3 (1.8 mM) at room temperature for 24 h. The substrate was removed from the oxidant and rinsed separately with NaHSO 3 (0.3 M), water, HCl (0.1 M), water, and ethanol. The surfaces of carboxylic acid group-terminated glass substrates were activated by immersing the substrate into an ethanol solution of EDC (0.1 M) and PFP (0.2 M) for 30 min. Each PFP-activated glass substrate was then rinsed with ethanol, dried under a stream of argon, and used immediately thereafter.
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Microcontact Printing (µCP) of Biotin-Amine. PDMS stamps were prepared according to a method in the literature using Sylgard 184 silicone elastomer (Dow Corning).
12 Before its use, the PDMS stamp was oxidized by an oxygen plasma cleaner (Harrick PDC-002, medium setting) for 1 min. After inking, the amine-terminated biotin ligand (biotin-amine, 10 mM in ethanol) was printed by placing the PDMS stamp into contact with the PFP-activated glass substrates for 60 sec. The sample was then immersed immediately into a solution of mPEG-amine (10 mg/mL, 0.1 M sodium bicarbonate) for 30 min and rinsed with distilled water. After the generation of the biotin pattern, the samples were immersed in a solution of TRITC-conjugated streptavidin (0.1 mg/mL) in phosphate-buffered saline (PBS, pH 7.4) containing 0.1% (w/v) BSA and 0.02% (v/v) Tween 20 at room temperature. After 60 min, the samples were removed, and washed several times with PBS and distilled water.
11,13 The streptavidin patterns were subsequently incubated with biotin-GRGDSPK in PBS (0.1 mg/mL) containing 0.1% (w/v) BSA and 0.02% (v/v) Tween 20 for 60 min.
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Cell Patterning. Human Epidermoid Carcinoma A431 cells were grown in Dulbecco's modified Eagle's medium (DMEM, Gibco BRL) supplemented with 10% fetal bovine serum (FBS, Gibco BRL) at 37 o C in 5% CO 2 . Cells were seeded on a RGD peptide-patterned glass substrate at a density of 1-5 × 10 5 cells/mL. After 1 h, loosely adhered cells were gently rinsed away with cell culture media and attached cells were cultured for 24 h. The cells were fixed with 3.7% formaldehyde in PBS for 10 min at room temperature.
Fluorescence and optical images were acquired on an LMS 510 laser scanning confocal microscope (Carl Zeiss, Germany).
ToF-SIMS Analysis. ToF-SIMS measurements were obtained with a TOF-SIMS V instrument (ION-TOF GmbH, Germany) using 25-keV Ga + /Au + /Au 3 + primary ions (average current of 0.44/0.64/0.07 pA, pulse width of 7.4/6.3/11.7 ns and repetition rate of 10 kHz) in the low-current bunched mode. The analysis area of 500 × 500 μm 2 was rastered by primary ions and was charge-compensated for glass-slide samples by low-energy electron flooding. The primary ion dose was kept at the same amount of 5.8 × 10
11 ions/cm 2 to ensure static SIMS conditions. The number of primary ions was 1.45 × 10 9 and was used for estimating the detected secondary ion yields of the streptavidin-patterned and PEGpatterned regions. Mass resolution was usually higher than 7000 in positive mode. The mass calibration of the positive ion spectra was internally performed by using the H
, and C 5 H 5 + peaks. PCA Analysis. A PCA of the TOF-SIMS images was performed using PLS_Toolbox v. 3.5β (Eigenvector Research, Manson, WA) for MATLAB (MathWorks, Inc., Natick, MA). Raw data of images were auto-scaled before the PCA process.
Results and Discussion
A schematic representation of the procedure used for generating the micropatterns of the streptavidin and cells is depicted in Figure 1(a) . Glass slides surfaces patterned with streptavidin and poly(ethylene glycol) (PEG) were fabricated in four steps: generation of self-assembled monolayers (SAMs) terminating in carboxylic acid groups; the activation of the carboxylic acid groups by pentafluorophenol (PFP); μCP of the biotin-containing amine compound; and passivation of the surface with the mPEG-containing amine compound. After the generation of the streptavidin pattern, a biotinylated RGD peptide (biotin-GRGDSPK) was used to promote cellular adhesion onto the streptavidin-patterned regions before cell seeding.
The highly contrasted TOF-SIMS images shown in Figure  1 (b) and 1(c) verify the existence of cells exclusive to the streptavidin-patterned (i.e. RGD-patterned) regions. The bright regions in Figure 1 (b) identify the areas in which PEGs were present, and the bright regions in Figure 1 (c) identify the areas in which A431 cells were present, as the TOF-SIMS images were the principal component (PC) 1 scores image of the PEG and the PC 2 scores image of the A431 cells. These scores images were reconstructed using PCA with PEG-characteristic and cell membrane-characteristic positive secondary ions. Table 1 provides a peak list of the all characteristic positive secondary ions needed to generate PC 1 and PC 2 scores images of the cell patterns. PEG-characteristic and cell-membrane-characteristic ions, rather than streptavidin-or RGD peptide-characteristic ions, were used for the reconstruction of the PCA scores images, mainly due to the weak intensities of the characteristic peaks from the patterned regions. These regions were largely buried below the cells, making them difficult to detect, whereas the strong intensities of the characteristic secondary ions generated from the PEG and cell membrane were easily identified from the spectra. For comparison with the TOF-SIMS images, a fluorescence image was obtained by confocal microscopy with the aid of tetramethylrhodamine isothiocyanate (TRITC) labeling, 10 and was overlapped with an optical image of the cellular patterns, as shown in Figure  1 (d) .
The Au 3 + ion-beam-based image was compared with the images obtained using the atomic primary analysis ion beams, Ga + and Au + . Figure 2 (a) shows the total positive-ion images of the micropatterns of streptavidin obtained from the same area using the Ga + , Au + and Au 3 + ion beams. Of interest, the bright regions in the Ga + and Au + images correspond to the dark regions in the Au 3 + image. This suggests that the bright regions of each total ion image do not simply represent the actual regions of streptavidin.
For a better data interpretation, the first PCA run was performed on each set of raw data, and its two respective PCs, the PC 1 and PC 2 scores images, were obtained (Figures 2(b) and (c) ). Initially, peaks with an intensity greater than 3.4 × 10 5 counts/sec were automatically selected from the Ga + , Au + and Au 3 + spectra. After reconstruction of the images from the raw data, a total of 68 peaks were selected for a data set, based on the image contrast of each of the ions. Table 2 shows the data set of the peak list for the PCA calculations. Two principal components (PCs), PC 1 (accounting for 55.76/69.06/51.11% of the variance) and PC 2 (accounting for 13.55/4.69/19.41% of the variance), were sufficient to explain the Ga + /Au + /Au 3 + data set. As expected, the contrasting pattern of each PC 1 scores image was identical to that of each total ion image. Based on the PCA results and the image contrast of each of the ions, fifteen characteristic secondary ions of streptavidin were identified.
This good correlation indicates that all 15 peaks originated from the same molecule (i.e., streptavidin) because the loadings show the relationship between the PCs and the peaks in the TOF-SIMS data set. The assignments of the 15 peaks are shown in Table 3 . Comparing the chemical images of each ion with the total ion images made it clear that the image of the total positive ions obtained by the Au 3 + primary ion beam corresponded well to the actual image of the micropatterns of streptavidin. On the other hand, the total positive-ion image by the Ga + or Au + primary ion beams corresponded poorly to the real image of the micropatterns of streptavidin. In addition, compared to the detected secondary ion yield by the Ga + ion, the C 10 H 11 N 2 + yield was enhanced by 87 times in the patterned regions and by 19 times in the nonpatterned regions when the Au 3 + ion beam was used, although high-molecular weight fragments of streptavidin were not detected. Table 4 shows the detected secondary ion yield of fifteen characteristic secondary ions of streptavidin. The second PCA run was performed with only fifteen characteristic secondary ions of streptavidin from the Ga + and Au + raw data. New PC 1's (called PC 1') scores images were obtained and are shown in Figure 2 (f). These images clearly indicate that the two PC 1's scores images correspond well to the real image of the micropatterns of streptavidin, as does the Au 3 + PC 1 scores image.
Conclusions
This paper demonstrates that the Au 3 + cluster-ion analysis beam is well suited to producing label-free TOF-SIMS chemical images of micropatterns of biomolecules and cells, in an as-received state. The detected secondary ion yields in the patterned region were sufficiently enhanced to obtain an excellent and accurate chemical image of micropatterns of streptavidin without the need for any labeling. In addition, a contrasted and corrected image of micropatterns of streptavidin can be obtained using Ga + or Au + with two PCA runs. This study suggests that using cluster-ion analysis beams and multivariate data analysis for TOF-SIMS chemical imaging would be an effective means of producing label-free chemical images of micropatterns of biomolecules and cells. 
